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Motivation

Measure further pro

Is it the SM-Higgs Boson?
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[ Motivation }

Is it the SM-Higgs Boson?

B

Measure further properties like its decay rates
to other SM fields

3

couplings
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[ Motivation ]

Is it the SM-Higgs Boson?

! 1

Measure sell couplings!
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[ Motivation }

Is it the SM-Higgs Boson?

! 1

Measure sell couplings!
btest Higgs potential

1 1
V(H) = sMgH® + AgauvH° + s g H*
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[ Motivation }

Is it the SM-Higgs Boson?

| |

Measure sell couplings!
E}consistent with SM predictions or signs of NP?

1 1
V(H) = sMgH® + AgauvH° + s g H*

2
S, b RN B o b GUES R
AN HE = AHRHH = S 0.13

Florian Goertz Measuring A\ using Ratios of Cross Sections



[ Motivation }

Is it the SM-Higgs Boson?

i |

Measure sell couplings!
@consistent with SM predictions or signs of NP?
V(H) = §MI%[H2 —+- )\HHHUHS -+ Z)\HHHHH4

y
Mg =~ 125 GeV established @LHC
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[ Motivation }

Is it the SM-Higgs Boson?

! 1

Measure sell couplings!
@consistent with SM predictions or signs of NP?

V(H) = §M12{H2 ‘|‘)\HHHUH3 s _)\HHHHH4

S 2
AH i H can be measured in f 4
Higgs-pair-production RN
g N H
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Motivation

Is it the SM-Higgs Boson?

i |

Measure sell couplings!
@consistent with SM predictions or signs of NP?

) 9 3 4
Triple Higgs production
-Extremeley challenging @(V)LHC:

0.06 fbo @ LHC14

9.45 fb @ VLHC 5200 TeV)
Plehn, Rauch, hep-ph/0507321
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Higgs-Pair Production Analysis
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Higgs-Pair Production

e Most important production mechanism: gg — HH

9 T H g ST
//
dy — < ay A
AN
AN
9 TOOOTO0 \H g L H

Eboli, Marques, Novaes, Natale, PLB 197(1987)269; Glover, van der Bij, NPB 309(1988)282
Dawson, Dittmaier and M. Spira, PRD 58(1998)115012

o(gg — HH)10 ~ 171b 14TeV LHC
M, ~125 GeV
O'(gg s HH)NLO ~ 33 1b

Theoretical error (mostly scale variation): ~ 20% @NLO
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Higgs-Pair Production

qf - HHqq',.VHH,ttHH

e Other production channels

~10-30 times smaller (neglect in following)

(1" T T T T
Ly I | o(pp — HH + X)) [fb]
n ::‘H o ‘1:__‘ 1000 L MH:125 GeV geg — HH
I " ce

- qq/gg — ttHH

qq’ — WHHHA

10 ¢
qq — ZHH ]
(& q T
.- H q s 1
. g B
(
/ /|
0.1 ! ! ! I
8 25 50 75 100

Vs [TeV]
See [e.g.] Baglio, Djouadi, Grober, Muhlleitner, Quevillon, Spira, 1212.5581, and refs. therein

Florian Goertz Measuring A\ using Ratios of Cross Sections



Decay Channels

Discovery potential for LH
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Baur, Plehn, Rainwater, hep-ph/0310056
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Hadronic modes dominate
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Decay Channels }

Discovery potential for LHC studied in different channels

 Before 2008: @600fb-

only

HH — bby~Promising (forM~120 Gev): S/B=6/12.5 =1.50

Baur, Plehn, Rainwater, hep-ph/0310056
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[ Decay Channels }

Discovery potential for LHC studied in different channels

 Before 2008: @600fb-

only HH —s bby~yPromising (for M,~120 GeV): S/B=6/12.5=1.6 0

Baur, Plehn, Rainwater, hep-ph/0310056

o After 2008:
Boosted jet+substructure techniques Vo= W=\

Butterworth, Davison, Rubin, Salam, 0802.2470

"> HH > bbrtr HH — bbW W™
Dolan, Englert, Spannowsky, 1206.5001 Papaefstathiou, Yang, Zurita, 1209.1489
S/B=57/119"" 4.850 S/B=12/8 = 3.30
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Decay Channels

In bbyy

=
=
O
=

N

-
—
<

< 0.000025 [~

0.00()DOOi‘ e —
200

& i
> 0.000075 —

analysis, expected LHC constraints on A have
been derived, using fits to the visible mass distribution

* 0.000050 - |

S begd, high
R bgd, low

_HH, Ag=1 (SM)

N ;
’ e N _HH, Agpp=2
e
o

pp - bbyy, LHC ]

mpy=120 GeV _J

1000

e Optimistic assumptions for
background subtraction

* Need good knowledge of shapes,
low number of events...

define \ = )\HHH/)\%A]{[H

A€ (0.26,1.94)@600fb~", € (0.54,1.52)@6000fb~ ' (SLHC)
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Decay Channels

* In bbyy analysis, expected LHC constraints on A have
been derived, using fits to the visible mass distribution

0000125 o .‘ L “ ;I lm | * ¢ S :
N A e A » Optimistic assumptions for
I T ANV ] background subtraction
ETTE N o * Need good knowledge of shapes,
R low number of events...
N | - ? _I// # T ' bb;%\:\“iiz\{‘\; \ - E
o.oooao% LA | T e L T ]

400 600 800 1000 —_— SM
m,, (GeV) deﬁne A TRE AIi—-[i'[i'/AI{I{Ii—

A€ (0.26,1.94)Q600fb ', € (0.54,1.52)@6000fb ' (SLHC)

e In promising bbrt+—, bW "W~ only established these
channels for dlscovermg HH production, no limits on A
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{ Higgs-Pair Production }

* In the Following derive expected constraints on A
For M, ~125 GeV, using the most promising

channels at the 14TeV LHC @600fb, 3000fb"

e Relatively low number of signal events (or difficult
Final states), control shapes of backgrounds/signal?

mm) Use total cross section,
try to reduce theoretical error

e Study dependence on ¥
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The Cross Section

Q
AN
I
Q
< |
<
l
|
I

9 OO0 “H g S e S H
1 1 2
UHH e ‘Zq t b(O‘qCé t)rl it chc_(l gOX)’2 5 ’Zq:t,b /quc_(I,lzox‘Z

In the SM: a, =Ay,, By =74 =y§
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The Cross Section

UHH = ‘Zq t, b (

In the SM: a, = Ay,, B,

LO

NLO

0 g 11D)]
O _fb_

5.22)\2

qv A

\H g - — — H

1 1 %
Qg (5 t)rl i Bq c_g lzox)’2 " ‘Zq:t,b /chcg,lzoxp

:q/q:yg

ytz — 25.1)\y§’ e 373yf —+ O(Ybth)\HHH)
9.66\%y?

— 4690y + 701yt + O(yoy2 A prom)

Fits obtained from hpair, http://people.web.psi.ch/spira/hpair/, U= yt/ySM
using MSTW2008lo68cl and MSTW2008nlo68cl pdfs

Florian Goertz
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http://people.web.psi.ch/spira/hpair/

The Cross Section

9 DO000000) +H g i _ _ _ _ H
/ yq
Yg M~
dy - < dy A
N
AN yq
9 DO000000 “H g - — - H
off-shell Higgs! ~0.2% effect (in SM)

* . %

golfhls OO EN IR Nl G SR et ORI )
o bl =  9.667%y2 — 46.9\y? + 701yt + O(yeviA g

Fits obtained from hpair, http://people.web.psi.ch/spira/hpair/, U= Yt/YfM
using MSTW2008lo68cl and MSTW2008nlo68cl pdfs
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http://people.web.psi.ch/spira/hpair/

The Cross Section

9 00000000 ~H g . - — _ _ H
/ yq
Yg M~
q" — —< qV A
N
N yq
N(00/0/0/0/000) “H 9 N L H
v = 1

T | |1‘.l|

Symmetric about minimum
Focuson X € (—1.0, A\nin)

-1 0 1 2 3 4 5
A

o bl = 9.66M%y2 — 46.9\y? + 70.1yf + O(veviAumm)
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The Cross Section

9 TR0 JH g e o H
/ yq
Yg MN~-
dy — @& dy A
N
N Yq
N00000000) \H g . &L __H

e Model dependence of analysis? Beyond consistency check of SM?

o Assume L = Lg\ everywhere to leading approximation besides
potentially in the (D < 4) Higgs potential and the (SM-like)
Yukawa couplings, where allow for A # 1,y; # 1

e Realized e.g. in 2HDM, Higgs-Portal models in certain
parts of parameter-space
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{ Theoretical Errors and Ratios }

: i __o(gg—HH) _ opn
» Ratio of cross sections Cur = i asm = on

expected to be more accurately determined

theoretically than double-Higgs cross section itself
A. Djouadi, 1208.3436

* Both gluon-gluon initiated and expected to
Feature similar higher order QCD corrections
(initial state gluon radiation)

— QCD uncertainties drop out to some extent

» Check in Following
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Vs =14 TeV, 0.5uy <pu <2.0py, LO (MSTW2008l068cl)
o(H)
25 o(HH) x10?

1.45} I A(pdf)
1.40f A(scale)

QSQ 1.20F i

120 121 122 123 124 125 126 127 128 129
My, (GeV)

"usedMSplra hpaJ_r, eSS SR R SR S o 5 -
HIGLU, hep:ph/9510347 o Error due to scale varlatlen 51gn|ﬁcantly reduced |n ral:|o

p € 1050, 2p0] — (20 25)% 'AG

,uQ ——MH(MHH)

(81m11ar results 1f MHH -*—> MH‘)



Vs =14 TeV, 0.5uy <p<2.0pq, NLO (MSTW2008nlo68cl)

50¢ | o(H)
—  o(HH) x10?

1.03 T

1.02 o] A(pdf)
o 1.01
2 1.00 A(scale)

120 121 122 123 124 125 126 127 128 129
MH (GeV)

'--used MSplra hpalr,_-j-._'_;ﬁf' R SR G SRt o i —
HIGLU, hep:ph/9510347 & Errar due 1:0 scale varlatmn SJQmﬁcantly .reduced |n rat|o




Vs =14TeV, 0.5uy <pu<2.0py, LO (MSTW2008l068cl)

o(H)

o(HH) x10°

3
Cypy x10
B e e e e

120 121 122 123

124 125

126
M, (GeV)

127

Vs =14TeV, 0.5u, <p<2.0p5, NLO (MSTW2008nlo68cl)

o(H)

o(HH) x10°

 \erification that uncertainty due to the QCD corrections (partially)
cancels: K-factors in the individual cross sections are large, but also
very similar ~2

Central value of the ratio only decreases by small amount
from LO (~1.25) to NLO (~1.0)

* |ndication that higher order corrections (NNLO) are likely to change

ratio by an even smaller fraction, whereas single Higgs production
cross section has K-factor of ~1.5 when compared to NLO

LHC Higgs Cross Section Working Group, 1101.0593

» Supports reduced size of theoretcial error found in scale variation



» Conservative assumption for the fol

Vs =14 TeV, 0.5u, <p <2.0u,, LO (MSTW2008l068cl)

o(H)

o(HH) x10°

120 121 122 123 124 125

My (GeV)

126

127 128 129

Vs =14 TeV, 0.5u, < <2.0u,, NLO (MSTW2008nlo68cl)

o(H)
o(HH) x10°

 Combining scale variation and pdf errors in quadrature

- Acglﬁo ~ O(:

» To be compared with A,xLo =

A lejlﬁjo

5%, A

o)

NLO
HH

-3%)

see also Shao, Li, Li, Wang
for threshold resummation in SCET

5 :l.’77€3;25

OWING:

-20%



Variation with Self-Coupling and
Top-Quark Yukawa

Y, =1,

M, =125 GeV, LHC@14 TeV, MSTW2008nlo68cl

140

120
=100
80
60
40
20

o x10° (p

« Negative values of A can be
excluded sooner

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

A
y, =1, My =125 GeV, LHC@14 TeV, MSTW2008nlo68cl

4

3

Cy X107

2

1
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Variation with Self-Coupling and

Top-Quark Yukawa

M, =125 GeV, LHC@14 TeV, MSTW2008nlo68cl

0.8 1.0 1.4

Yy

1.2 1.6

Yo — —yp via A = =X 7!

 Strong variation with top yukawa

... whichis only expected to be
known up to 15% at LHC after
300fb” @14 TeV peskin, 1207.2516

M, =125 GeV, LHC@14 TeV, MSTW2008nlo68cl

w

Clyy x10°
N
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Expected Constraints on

Trilinear Self Coupling




{ Constraining the Self-Coupling }

» Use theoretically more stable ratio of cross
sections C,,, to derive expected constraints on A

e Furter benefit when using C,,,,:

Experimental uncertainties can also be
reduced, e.g. some systematic uncertainties are
expected to cancel (Luminosit uncertainty)
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{ Assumptions for Experimental }

Uncertainties

O'%S%f = 2oy X BR(bb) x BR(zx)
o = oy x BR(bb)
Cexp. L O%%—_fx

s o% x BR(zx) ox

T 2 TN\ 2
ACHH 2 _ Aalﬁ)ﬁw ABR(xx) 2 Aag’
Cr ghbza BR(zx) obl
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Assumptions for Experimental

Uncertainties
O'%;%f = 2oy X BR(bb) x BR(zx)
01}5’ = oy x BR(bb)
cexp. _ __ OHE

o% x BR(zx)

exp.

. 2 TN\ 2
ACHH ’ _ ABR(zx) . AU(;
CHH O-Igf[m BR(CE:U) O'%?

Add 5% theoretical error in quadrature /
Actually better to access than error on BR alone,
which enters the cross section itself
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Assumptions for Experimental
Uncertainties

2 2 b\ 2
ACru \° _ (Acksy . (ABR(a) N
Crr i bbxx BR(xx) | bb

Oy On

/'

Aag) ~ +20%

Antasialoa obtained from ABR(7777) ~ £12%
bbr T~ bW W bbryy ABR(WTW ™) ~ £12%
analyses via AS = VN + B ABR(7y) ~ +16%

after bringing Chaﬂnels to ,2European Strategy for Particle Physics”
eq Ual FOOU ng https://indico.cern.ch/contributionDisplay.py?

contribld=144&confld=175067, 2012
Assume no improvement beyond 300 fb™

Process S/B(GOO fb_l) ACHH/CHH (600 fb_l) ACHH/CHH (3000 fb_l)
bor T 50/104 0.400 0.279
bOW W~ 11.2/7.4 0.513 0.314
bbyy 6/12.5 0.964 0.490
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{ Deriving Constraints }

« We now want to use C,_, to constrain the
parameters {p;} of a model

e Expected exclusion in parameter-space
depends on true parameters of the model

Florian Goertz Measuring A\ using Ratios of Cross Sections



{ Deriving Constraints — }

General Strategy

o Calculate Crm as a function of the set of parameters {p}

(e.g. new couplings/Wilson coefficients, masses) as well
as theoretical error

e Estimate expected experimental errors arising from
exp.

measurements of components that comprise C;
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{ Deriving Constraints — }

General Strategy

o Calculate Crm as a function of the set of parameters {p}

(e.g. new couplings/Wilson coefficients, masses) as well
as theoretical error

e Estimate expected experimental errors arising from
exp.

measurements of components that comprise C;

* Question to address: Given an assumption for the
‘true’ values of the model parameters, what is the
constraint we ezxpect to impose on the parameters
through Higgs-pair production?
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{ Deriving Constraints }

e |n the following: simplified framework {p:} = {\, y:}

e Start with assuming ¥t = Y true = 1

* Draw curves of A that lead to a theoretically
predicted cross section of one or two standard
deviations away from the true cross section,
derived with the underlying true A ue

* In the following focus on A € (—1.0, Ayin ~ 2.5)
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Deriving Constraints

bbr* 7 channel, y, =1, M, =125 GeV, LHC@14 TeV, MSTW2008nlo68cl

)‘excl.

—1.00-0.75-0.50-0.25 0.00 0.25 0.50 9.75 1.00 1.25 1.50 1.75 2.00 2.25

true

- Expect to exclude values outside 1
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Deriving Constraints

bbr* 7 channel, y, =1, M, =125 GeV, LHC@14 TeV, MSTW2008nlo68cl
2_
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Deriving Constraints

bbr* 7~ channel, y, =1, M, =125 GeV, LHC@14 TeV, MSTW2008nlo68cl
2_

—1.00-0.75-0.50-0.250.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25

~ cross sectionitself:
:.:_:20 % tﬁeoretltat Errar.ﬁ_



Deriving Constraints

bW W~ channel, y, =1, M,; =125 GeV, LHC@14 TeV, MSTW2008nl068c]

—1.00-0.75-0.50—-0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25

true
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Deriving Constraints

bbyy channel, y, =1, M, =125 GeV, LHC@14 TeV, MSTW2008nlo68cl

)‘excl.

—2 E
|
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Deriving Constraints

bbr* r~ channel, y, =1, M, =125 GeV, LHC@14 TeV, MSTW2008nlo68c|

)‘excl.

3000fb

—1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25




Deriving Constraints

Process | 600 fb— ! (20) | 600 b~ ! (1o) | 3000 b~ ! 20 | 3000 b~ ! 1o
bbT T (0.22, 4.70) | (0.57, 1.64) | (0.42,2.13) | (0.69, 1.40)
bW TW— | (0.04, 4.88) | (0.46, 1.95) | (0.36, 4.56) | (0.65, 1.46)
bbyy (-0.56, 5.48) | (0.09, 4.83) | (0.08,4.84) | (0.48, 1.87)

assume A¢rue="Y¢ true=1, for disconnected regions only show below Ay, =~ 2.43

 Possible to constrain trilinear self coupling to be
positive at 95% CL with 600fb™ using C __

to shape analysis A € (0.26,1.94) @600 fb "
Baur, Plehn, Rainwak\\r, hep-ph/0310056

actually also
A € (2.98,4.66),

optimistic asmpt

» Comparable for bby~y
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Deriving Constraints

Process | 600 fb— ! (20) | 600 b~ ! (1o) | 3000 b~ ! 20 | 3000 b~ ! 1o
bbT T (0.22, 4.70) [ (0.57, 1.64) | (0.42,2.13) | (0.69, 1.40)
bW TW— | (0.04, 4.88) | (0.46, 1.95) | (0.36, 4.56) | (0.65, 1.46)
bbyy (-0.56, 5.48) | (0.09, 4.83) | (0.08,4.84) | (0.48, 1.87)

assume A¢rue="Y¢ true=1, for disconnected regions only show below Ay, =~ 2.43.

 Possible to constrain trilinear self coupling to be
positive at 95% CL with 600fb™ using C __

» Comparable for bby~y

to shape analysis A € (0.26,1.94) @600 fb "

* Improve predictions due to new channels

« Combination of channels yields ~ +30% and ~ -20%
accuracy with 3000fb’

Florian Goertz

Baur, Plehn, Rainwak\\r, hep-ph/0310056

actually also
A € (2.98,4.66),

optimistic asmpt
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Deriving Constraints

Process | 600 fb— ! (20) | 600 b~ ! (1o) | 3000 b~ ! 20 | 3000 b~ ! 1o
bbT T (0.22, 4.70) | (0.57, 1.64) | (0.42,2.13) | (0.69, 1.40)
bW TW— | (0.04, 4.88) | (0.46, 1.95) | (0.36, 4.56) | (0.65, 1.46)
bbyy (-0.56, 5.48) | (0.09, 4.83) | (0.08,4.84) | (0.48, 1.87)

assume A¢rue="Y¢ true=1, for disconnected regions only show below Ay, =~ 2.43.

e Combination of channels yields ~ +30% and ~ -20%
accuracy with 3000fb

* Compare to ILC iLc-TDR (2012, to be published)
Vs =500GeV, L =2000fb—! ~40%
Vs = 1000GeV, £ = 1000fb~! ~25%

Florian Goertz
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Variation with y,

 y.only known to O(15%) after 300fb' @14 TeV peskin, 1207.2516
bbr* 7~ channel, M,; =125 GeV, LHC@14 TeV, MSTW2008nl068cl

1.5
1.4
1.3
1.2
1.1
1.0
0.9
0.8
0.7}

—1.00-0.75-0.50-0.250.00 0.25 0.50 OA75 1.00 1.25 1.50 1.75 2.00 2.25

asSUMe Y true = Atrue = 1, £ = 600 fhaot
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Variation with y,

bbr* 7~ channel, M, =125 GeV, LHC@14 TeV, MSTW2008nlo68c|

1.5
1.4
1.3
1.2
SN
1.0
0.9
0.8
0.7}

—1.00-0.75-0.50-0.250.00 0.25 0.50 OA75 1.00 1.25 1.50 1.75 2.00 2.25

y: = 0.85 yields A € (0.2,1.1), whereas y; = 1.15 implies A € (1.1, ~ 2.4)
= accurate knowledge of y; is essential
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Variation with y,

bbW* W~ channel, M,; =125 GeV, LHC@14 TeV, MSTW2008nlo68c|

1.5
1.4
1.3
1.2
> 1.1
1.0
0.9
0.8
0.7

—1.00-0.75-0.50-0.250.00 0.25 0.50 OA75 1.00 1.25 1.50 1.75 2.00 2.25
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Variation with y,

bbyy channel, M, =125 GeV, LHC@14 TeV, MSTW2008nlo68cl

—1.00-0.75-0.50-0.250.00 0.25 0.50 O§75 1.00 1.25 1.50 1.75 2.00 2.25
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Outlook and Conclusions




{ Outlook }

e Do full ,model independent” survey of double
Higgs production, supplementing the SM
| agrangian with dimension 6 operators

e Use equations of motion to arrive at most
appropriate basis for the analysis

Florian Goertz Measuring A\ using Ratios of Cross Sections



{ Outlook }

 Employ precision constraints to further reduce
he operator basis

e Use information from single Higgs production
L0 constrain operators and derive expectations
-or double-Higgs production

e Study different scenarios
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{ Conclusions }

Examined theoretical error on ratio of dobule-to-
single Higgs production cross section C,,,.

Using this ratio, derived expected exclusions on the
trilinear H coupling in the bby~, bW T W bbr T+~ channels

Obtained the most precise expected determination of
the Higgs trilinear self-coupling at the 14TeV LHC:;
-20/+30% achievable (in the SM)

Good knowledge of top-quark yukawa important
Outlook: Full operator analysis of HH production

Florian Goertz Measuring A\ using Ratios of Cross Sections



Thank you for the attention!
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